To describe the polymorphic expression of Stargardt disease in a large Tunisian family with clinical intra-and interfamilial variation of the condition. Methods: Twelve subjects from two related families with autosomal recessive Stargardt disease were enrolled. A detailed clinical examination including visual acuity and visual field measurement, fundus photography, fluorescein angiography, electroretinography (ERG) and color vision testing was performed for all subjects. Results: The youngest child from family A manifested typical Stargardt disease while her two brothers presented with Stargardt disease-fundus flavimaculatus (STGD-FFM) and her two sisters demonstrated a peculiar phenotype overlapping Stargardt disease and cone-rod dystrophy; their phenotypic manifestation corresponded well with ERG groups I, II and III, respectively. This uncommon occurrence of an age-related decline in ERG amplitude and worsening of fundus changes is suggestive of a grading pattern in Stargardt disease. Their two cousins in family B, displayed the STGD-FFM phenotype. Despite clinically similar STGD-FFM patterns in both families, age of onset and progression of the phenotype in family B differed from family A. Conclusion: This is the first report on phenotypic variation of Stargardt disease in a large Tunisian family. Regarding phenotype and severity of visual symptoms, family A demonstrated Stargardt disease at various stages of progression. In addition, STGD-FFM appeared to be an independent clinical entity in family B. These findings imply that further parameters are required to classify Stargardt's disease.
INTRODUCTION
Stargardt disease (STGD), first described in 1909, is a progressive macular dystrophy characterized initially by loss of vision with no detectable fundus changes, subsequent appearance of frequent early-onset macular dystrophy leading to central vision loss. 1, 2 Years later, Franceschetti used the term fundus flavimaculatus (FFM) to describe the appearance of irregularly shaped yellow-white flecks within the retinal pigment epithelium (RPE). 3 Attempts have been made to make a clear distinction between STGD and FFM using clinical criteria. Recently, molecular investigations substantiated that these entities are allelic disorders linked to the ABCA4 gene thus making the classification of STGD more complicated. 4, 5 The classification of STGD has been primarily based on fundus appearance; ranging from normal appearing fundus to atrophy of the macula with or without flecks, or flecks with or without atrophy of the macula. Further clinical findings broadened the terminology to include "macular form of tapetoretinal degeneration (TRD)", "mixed TRD", "centroperipheral tapetoretinal pigmentary dystrophy" (TRD), "diffuse or central TRD" and peripheral involvement resembling "retinitis pigmentosa inversa". 6 Later on, differences were identified in the severity of photoreceptor function loss on electroretinograms. 7, 8 However, it remains unclear whether STGD and FFM are actually different entities. While some authors acknowledge similar involvement patterns and severity within families, [9] [10] [11] [12] [13] others have described the coexistence of different phenotypes in members of the same family. 7, 14, 15 The present study reports the polymorphic expression of STGD in a large Tunisian family. A thorough clinical investigation was performed for all members of this large consanguineous family which represents the largest affected sibship reported so far. Our results demonstrate remarkable intrafamilial variation with cosegregation of STGD-FFM, typical STGD and advanced STGD resembling a cone-rod dystrophy (CRD) in family A. In addition, an interfamilial variation regarding age of onset and progression of the condition was also noted.
METHODS
A large multiplex family from Southern Tunisia affected with autosomal recessive retinal dystrophy was ascertained through Hedi Rais Institute of Ophthalmology in Tunis, Tunisia. This pedigree was composed of two consanguinity loops (nuclear families A and B) including seven affected (3 male and 4 female) subjects and five healthy (4 male and 1 female) individuals (Figure 1) .
Informed consent was obtained from all participants who were examined between March 2005 and April 2008; demographic characteristics, age at onset, and personal and family history were recorded for all participants. Affected subjects ranged from 11 to 27 years of age. Age of onset was defined as the age at which decreased visual acuity was first noted.
All patients underwent a standard ophthalmological examination including determination of best corrected visual acuity (BCVA) using standard Snellen charts. Clinical examination was supplemented by fundus photography, color vision assessment using the Farnsworth-Munsell 100 hue color vision test (FM100, Munsell Color Company Inc., Baltimore, MD, USA) and analysis of dark adaptation. Goldmann kinetic perimetry (Carl Zeiss Meditec Inc., Dublin, CA, USA) using V-4e and I-4e targets; fluorescein angiography (FA) and indocyanine green angiography (ICGA) were also performed. Electrophysiological investigation was performed using Vision monitor Métrovision (Métrovision, Pérenchies, France) according to the International Society for Clinical Electrophysiology of Vision (ISCEV) protocol. 16 Full-field electroretinography (ERG), including rod-specific response, bright white flash mixed response, 30-Hz flicker response, photopic single-flash ERG, and electrooculography (EOG) were performed.
The medical files and retinal photographs of the participants were scrutinized in order to outline the clinical vignette. The diagnosis of STGD was based upon deterioration of visual acuity, dyschromatopsia and typical ophthalmoscopic appearance of the macular region (macular and peripheral atrophy together with distribution of flecks). Fundus flavimaculatus (STGD-FFM) was characterized by the presence of white-yellow flecks within the RPE involving the posterior pole or extending to the midperipheral retina, with or without overt atrophic macular lesions. However, if severe macular granularity and atrophy were noted in the presence of retinal flecks and altered photopic ERG, a diagnosis of STGD was made. A dark choroid on FA helped to differentiate cone dystrophy from STGD; the atrophic area and loss of function may extend to the peripheral retina characterizing CRD.
RESULTS
Family A included 9 members among whom 5 were affected (Fig. 1 ). Photophobia and decreased visual acuity were the first visual symptoms appearing at the age of 5 or 6 years in all affected subjects of family A (Table 1 ). In this large sibship, three different retinal phenotypes were observed (Fig. 2) .
Phenotype I (11-year-old patient, V-7) includes mild salt and pepper changes in the macula, temporal peripapillary atrophy and normal retinal periphery without flecks ( Figures  2a and 2b ). FA revealed a silent choroid together with bull's eye maculopathy (Figures 2c and  2d) . The patient had a protan defect on FM100 (Fig. 1) . The full-field photopic ERGs showed that the dysfunction was confined to the macula ( Fig. 3 ). This phenotype corresponded to typical Stargardt maculopathy (Table 1) .
Phenotype II (21-year-old patient V-3 and 13-year-old patient V-6) is characterized by a salt and pepper macular appearance, yellowish white flecks distributed in the posterior pole and midperiphery, and normal peripapillary area (Figures 2e and 2f ). FA showed a silent choroid in both patients and a fibroglial scar in patient V-6 (Figures 2g and 2h ). FM100 detected color discrimination loss along deutan and tritan axes ( Fig. 1) . Cone dysfunction was also reflected by altered photopic responses on ERG (Fig. 3) . These clinical findings corresponded to STGD/ FFM (Table 1) .
Phenotype III (26-year-old patient, V-1 and 23-year-old patient, V-2) included a large demarcated area of RPE atrophy, pigment clumping and migration extending to the peripheral retina associated with peripapillary atrophy; the atrophy was worse in the right eye (Figures 2i and 2k ) compared to the left eye (Figures 2j and 2l) in patient V-1. FA showed a larger central area of pronounced cho rioretinal atrophy in both eyes. The borders between the conflu ent regions and the outer lesion were less distinct on FA images. The dyschromatopsia affected the three protan, deutan and tritan axes ( Fig. 1 ). These two patients had severely reduced full-field cone ERG amplitudes (90% reduction or greater), reduced rod ERG amplitudes and markedly delayed cone implicit times (Fig. 3 ). This clinical presentation illustrated an uncommon Stargardt phenotype overlapping clinical features of an advanced stage of STGD and CRD (Table 1) .
Family B included twelve individuals among whom two were affected (Fig. 1) . Their initial complaints included blurred near vision in the first decade of life (10 or 12 years of age) ( Table 1) . Twenty-seven-year-old patient V-8 and 23-year-old patient V-9 showed central atrophy, diffuse yellowish white flecks with sparing of the peripapillary area on fundus examination. FA revealed a dark choroidal pattern. In 
DISCUSSION
In the current study, we report a large consanguineous Tunisian family demonstrating a variety of phenotypes including typical STGD, STGD-FFM, as well as forms of advanced Stargardt disease with diffuse atrophy resembling CRD. From a total of 7 affected subjects, 5 belonged to the same sibship, the largest number reported so far.
Classically, STGD patients begin to lose vision in the first two decades of life. The condition is often associated with an initially normal fundus and later with macular atrophy and yellowish deep retinal flecks. (Table 2 ). This 11 -year-old patient presented with blurred central vision at the age of 5-6 years. Her visual acuity (VA) was 20/200. She had impaired color vision and fundus examination showed ''bull's eye'' macular atrophy while the peripheral retina was preserved.
Meanwhile, VA of her older brothers (patients V-3 and V-6) was 20/400; macular changes and yellow flecks were more pronounced yet compatible with typical Stargardt. However, the retina in these two subjects displayed large atrophic areas and greyish discoloration with pigment migration and large pigment clumps in the posterior pole, midperiphery, and along the vessels. All of these characteristics more appropriately correspond to fundus flavimaculatus (STGD-FFM) or "phenotype II", rather than STGD disease. These findings are suggestive of widespread retinal degeneration and are more drastic than what is usually observed in typical STGD disease. It is also noteworthy that STGD-FFM patients V-6 and V-3 (13 and 21 years of age respectively), showed more severe clinical presentation than their younger sister (V-7) affected with typical STGD disease.
Comparison of these two clinical pictures with "phenotype III" in older sisters V-2 and V-1, aged 23 and 26 respectively, suggests that there is a tendency toward progressive retinal degeneration within family A. The latter two subjects manifested deterioration of VA (<20/400) in addition to extensive atrophy of the RPE extending outside the macula. This peculiar phenotype included features of both an advanced STGD macular disease with diffuse atrophy and CRD. This phenotypic overlap and the intrafamilial variation in family A from typical STGD to advanced STGD with a diffuse atrophy are suggestive of progression of a single disease.
It has been understood that retinal function is more reliable than fundus appearance for characterization of this progression and its association with age [6] [7] [8] 11, 13, 14, 19, 20 (Table 2) . Recently, STGD has been subdivided into three groups based on ERG attributes: group I with normal rod and cone-mediated ERGs; group II with relative loss of generalized cone function; and group III with both abnormal rod and The term "group" does not allow the progression of a patient from one category to another while the term "stage" is defined as a period or distinct phase in the course of a disease or any biologic process. (Table 2 ). ERG findings in family A highlighted a decline in retinal function with age in cone, cone flicker and rod responses (Fig.  3) . Interestingly, ERG findings in phenotypes I, II and III were compatible with Lois's ERG groups I, II and III, respectively (Table 2) . Therefore, our study represents the first instance of siblings displaying co-occurrence of three ERG groups I, II and III. Nevertheless, the apparent agerelated progression from group I to III within the siblings, which seems to be unprecedented in the literature, raises questions about the definition of ERG groups as "distinct phenotypic subtypes that do not represent different stages in the progression course of the disease". (Table 2) ; some subclassify the condition into separate groups and others support the concept of a single disease. At the beginning of the 20 th century, differences were noted in the age of onset of the disease and fundus appearance of STGD patients. 9 Later on, attention was given to the fleck component of the disorder and clinical investigation methods improved. 3, 7, [21] [22] [23] This prompted many authors to review the proposed classification and seek more reliable criteria for clinical diagnosis of the condition, mainly by comparing funduscopy and electroretinography. 8, 11, 14, 20, 25, 26 Recently, it has been described that only STGD patients who are in the more severe ERG groups (II and III), reveal peripapillary sparing in their fundus. 27 However, our study demonstrated peripapillary sparing in phenotypes I and III in family A (ERG groups I and III) and in their affected cousins whose phenotype likely corresponded to ERG group II. All of these findings suggest that sparing is not an accurate clinical marker for severity of STGD. Interestingly, this change appears to be independent of retinal function and fundus appearance which both worsened with age in family A. Consequently, this further supports the idea of disease progression.
The controversy surrounding disease course is reflected by the terminology used for classifying patients with STGD disease (Table  2) and by the large studied family. On one hand, family A displayed (1) an overlapping phenotype, (2) intrafamilial variation with macular defects that appeared at a same age (5-6 years old), and (3) an age-related decline in ERG amplitude suggesting an age-related increase in severity. Altogether, these findings strongly support the idea that the three phenotypes are variable expressions or stages of a single progressive disease.
On the other hand, family B showed one STGD-FFM phenotype in 27-year-old (V-8) and 23-year old (V-9) patients. However, the disease progression hypothesis implies that patients in family B should also manifest the same severe phenotype as their cousins V-1 (26 years old) and V-2 (23 years old). This discrepancy is likely due to various haplotype combinations (data not shown) and different ages of onset in family A (5-6 years old) and B (10-12 years old) that may influence the severity and prognosis of the condition. Indeed, age-of-onset is correlated with the amount of ABCR activity in photoreceptors. 5, 16, 20 In addition, STGD-FFM appears at an older age, has slower progression and thus better prognosis. 28 Therefore, ageof-onset remains an important criterion for diagnosis and classification of STGD.
Although patients V-3 and V-6 from family A, and patients V-8 and V-9 from family B expressed the same STGD-FFM phenotype on examination, the clinical presentation appeared at 10-12 years of age in family B. Therefore, STGD-FFM in family B should be considered a separate nosology from phenotype II in family A in which the disease appeared earlier in patients V-3 and V-6. These observations highlight the polymorphic expression of STGD disease.
It is currently not clear if STGD and STGD-FFM are different clinical entities or should be incorporated into one. [9] [10] [11] [12] [13] 19 Regarding the characteristic fleck components in STGD-FFM, it should be noted that perifoveal or diffuse flecks would eventually develop in some patients who were initially diagnosed with nothing but maculopathy and that the reverse occurrence has also been reported. 12, 13 Although genotype-phenotype models seemed to be the most accurate tool to differentiate STGD from STGD-FFM regarding the allelic combination of ABCR gene, 8, 29, 30 it was later described that sporadic patients may progress from FFM/STGD to CRD, or to retinitis pigmentosa over many years of follow-up. [31] [32] [33] [34] [35] However, most cases demonstrate unchanging clinical presentation. Likewise, progression or non-progression of the disease is required to resolve this issue. Only Fishman and Aaberg considered the progressive nature of this disease in their classifications by using the term "stage" instead of "group" considering the degree of retinal damage 7, 14 (Table 2 ). In family A, the peculiar phenotype which corresponded to an advanced stage of STGD disease confounded with CRD; this overlap well demonstrates a bridge between two phenotypes in a single individual. In addition, different phenotypes in family A form a continuum that exemplify a grading pattern (STGD-FFM-CRD) from less severe (in younger cases) to more severe phenotypes (in older cases), which implies the tendency of STGD for progression.
In contrast, STGD progression was slower in family B in which the STGD-FFM phenotype was apparently similar to phenotype II in family A but was considered a separate nosology due to older age-of-onset. Therefore, the term "stage" appears to be more appropriate than "group" to describe the phase of morphologic changes, which is followed by either stability or progressive change.
It is noteworthy that FFM can have two independent traits: (1) a stage of progressive STGD expression in family A, designated as phenotype II and (2) a separate clinical entity in family B which differs from STGD in family A by age-of-onset and degree of progression. This difference could be due to different modifiers that act on ABCR alleles depending on age. Therefore, phenotypic variation dictates caution in classifying and in extrapolating prognosis from one affected family member to others within the same family.
This report demonstrated polymorphic expression of Stargardt disease within the same family in terms of morphology and severity of visual symptoms (intrafamilial variation), and differences between families in terms of ageof-onset and degree of disease progression (interfamilial variation). In order to classify STGD, all of these parameters should be carefully considered to properly differentiate STGD from STGD-FFM. These observations may contribute to better understanding of the disease spectrum and may also have implications for categorization and prognosis.
